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Abstract: Co-seismic displacements asaociated with the Mw9. 0 earthquake on March 11 , 2011 in Japan are 
numerically simulated on the basis of a fmite-fault dislocation model with PSGRNIPSCMP software. Compared 
with the inland GPS observation, 90% of the computed eastward, northward and vertical displacements have 
residuals less than 0. 10 m, suggesting that the simulated results can he, to certain extent, used to demon-
strate the co-seismic deformation in the near field. In this model, the maximum eastward displacement increa-
ses from 6 m along the coast to 30 m near the epicenter, where the maximum southward displacement is 13 m. 
The three-dimensional display shows that the vertical displacement reaches a maximum uplift of 14. 3 m, 
which is comparable to the tsunami height in the near-trench region. The maximum subsidence is 5. 3 m. 
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1 Introduction 
The Mw9. 0 earthqnake that hit the northeastern coast 
of Japan ( 38. 322 oN, 142. 369 o E) on March 11, 
2011 111 is the fifth biggest quake in the world since 
1900, and the largest in Japan since 1923 12 - 51 • Focal 
mechanism and seismic-wave inversions indicate that it 
was a low-angle thrust faulting, of which the uplifted 
upper wall resulted in a tremendous tsunami with a 
maximum wave-height of more than 10 meters , causing 
catastrophic loss of lives and properties as well as 
wrecking nuclear power facilities[4 ·5l. 
The seismogenic fault was located at the boundary 
between the overriding Okhotsk plate and the subduc-
ting Pacific plate, converging at a rate of 9. 2 em/ a in 
the northwestern margin of the circum-Pacific belt[6J. 
Since 2000, most of earthqnakes with magnitude greater 
Received:2011-03-19; Accepted:2011-05-31 
Corresponding authm: Tel: + 86 -13426475175; E-mail: zkl0824@ 163. 
com 
This research was supported by the National Natural Science Foundation 
a1 Chma < 40572125 ;40872129) 
than 8. 0 occurred along the circum-Pacific aud Indian 
subduction zones1' 1 , including the Mw9. 3 Sumatra-
Andaman event in 2004 and the Mw8. 8 Chile event in 
2010. 
Faulting process aud slip distribution of an earth-
qnake are commonly estimated from the generated seis-
mic waves by inversion. But such inversions are some-
times distorted due to complex propagation paths 151 • 
However, co-seismic displacements determined by geo-
detic measurements, such as GPS and InSAR, can a-
void the propagation effects and provide almost real-
time estimation of faulting parameters 17 -•l. 
Data from the Geospatial Information Authority 
( GSI) of Japan was processed by the Jet Propulsion 
Laboratory ( JPL) and Cal tech ( ftp :I I sideshow. jpl. 
nasa. govlpub/uars/ ARIA) to yield the three-dimen-
sional co-seismic displacement field over the Japanese 
islands14l. The result showed that the coast of north-
east Japan moved eastward by as much as 5. 02 meters, 
and the coastline generally subsided by about 0. 5 me-
ters ( with a maximum of 1. 13 meters at point A, Fig. 
1). Since the epicenter is more than 100 kilometers a-
way from the coastline , there were no GPS sites to pro-
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vide co-seismic displacements in the near field [ 10] • 
In this paper we present a numerical calculation of 
co-seismic deformation based on seismically determined 
dislocation , in order to obtain an estimation of surface 
displacements in the near field of this earthquake. 
2 Co-seismic displacement simulations 
2. 1 Theoretical background for the co-seismic 
model 
Crustal deformation associated with an earthquake has 
been studied with the half-space earth model of Okada 
and , more precisely, with some layered half-space e-
lastic ( and viscoelastic ) models [ 11 - 13 l . For layered 
half-space model, an important approach is to solve 
differential equations through propagator matrix algo-
rithms to get the kernel function. Wang proposed a 
simple orthonormalization technique to overcome the 
numerical instability in the original Thomson-Haskell 
propagator algorithm for both elastic and viscoelastic 
layered models with FORTRAN-based softwares of 
EDGRN/ EDCMP and PSGRN/ PSCMP[ 14' 15l. For nu-
PH 
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merical stability , high precision , and easy access , 
these two softwares have been applied for both co-seis-
mic and post-seismic defonnation studies[16 - 21 J . In this 
study, we used the PSGRN/PSCMP, which includes 
self-gravitation effect, to calculate the co-seismic dis-
placement field. We evaluated the reliability of our re-
sults by comparing them with inland GPS observations. 
2. 2 Finite-fault model 
Scientists at several research institutes, such as Uni-
versity of Tsukuba, UCSB, USGS, CAL TECH and In-
stitute of Geophysics, China Earthquake Administra-
tion , obtained co-seismic slip distributions on the 
earthquake fault based on seismic waves recorded by 
• • [1 4 s 22 -24l I al l . seismic arrays · · · . n our c cu abon , we se-
lected the model of UCSB[23J , which shows a fault 
strike of 198° and a dip angle of 10°; the fault plane is 
partitioned as 19 X 10 sub-faults with dimension of 25 
km X 20 km, in which the maximum slip is 55 m. 
2. 3 Selected elastic parameters 
Most layered models of density and seismic-wave velocity 
of crust and upper mantle beneath Japan islands[2S-2BJ 
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Figure 1 CPS-observed co-seismic displacements 
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showed a significant difference across the interlace be-
tween OK/PA plates. For the purpose of obtaining co-
seismic displacement field of overriding plate in the 
near-epicenter region (137° -145°E, 33° -45°N), 
we used the average elastic parameters of crust and up-
per mande given in table 1 [27 •281 
3 Results 
3. 1 GPS observed co-seismic displacement field 
From the time series recorded continuously at the 1232 
CPS sites on the Japan islands during the earthquake, 
the researchers at JPL and Caltech obtained the three-
dimensional co-seismic displacement field, using the 
15 minute ( UTC time from 05 :40 to 05: 55) original 
data of CEONET RINEX format with 5 minute solution 
provided by GSI Japan['l. Fignre 1 shows part of these 
CPS observation ( 136° - 146° E, 32° - 46° N). The 
Japanese islands moved coseismically eastward , south-
ward and downward , with a maximum horizontal dis-
placement of 5. 02 m at A ( 141. 50° E, 38. 30° N) , 
2. 00 mat B ( 141. 74°E, 39. 02°N), and a maximum 
downward movement of 1. 13 m at A ( Fig. 1 ; Tab. 
2 ) . All these sites were located on the overriding 
plate , showing an eastward movement pointing to the 
Table 1 Average velocities and densities of different layers 
in tbe strncture of tbe crust and upper maotie 
No. depth Vp v. p (km) (km/s) (km/s) (kglm3 ) 
0-5 5.50 3.20 2850.0 
2 5-10 5.75 3.35 2917.3 
3 10-15 6.00 3.51 2984.6 
4 15-20 6.25 3.66 3051.9 
5 20-25 6.50 3.82 3119.2 
6 25-26 6.75 3.97 3186.5 
7 26-31 6.80 4.00 3200.0 
8 31-33 7.51 4.36 3314.3 
9 33 -38 7.80 4.50 3360.0 
10 38-43 7.81 4.51 3361.6 
11 43 -48 7.82 4.52 3363.1 
12 48-53 7.84 4.51 3364.7 
13 53 -58 7.85 4.55 3366.3 
14 58-63 7.86 4.56 3367.9 
15 63 -68 7.88 4.58 3371.0 
Vp, Vs, P-wave, S-wave velocity, respectively; p, density 
epicenter, and there were no sites on the underthrust 
Pacific plate east of Japanese islands. However, Yang 
et al[!OJ obtained co-seismic displacement field at 55 
ICS CPS sites over Japan, China, South Korea, Phil-
ippine , and Malaysia by using the one-day CPS data 
before and after the shock. Their results showed that 
the Pacific plate moved westward during the earth-
quake , and the affect extended to a distance of 2000 
km in Northeastern China, South Korea and the Philip-
pines[Io] , although these IGS sites gave no co-seismic 
deformation information for the seafloor in the epicen-
tral area. 
3. 2 Numerical results 
As shown in figure 2 , the numerical results are gener-
ally consistent with the CPS-derived results in that 
large co-seismic horizontal and vertical displacements 
are limited to the near-epicenter and near-coast sites , 
respectively. The simulated displacement at point A is 
6. 11 m toward east and 2. 63 m at point B toward 
south, both greater than the observed values ( Tab. 
2) . A notable exception to the consistency is point C 
( 140. 99°E, 38. 82°N), where the CPS-derived result 
was an uplift of 0. 39 m whereas the simulation gives a 
subsidence of 0. 22 m. However, we regard the simu-
lation result to be reliable , because point C is located 
in a region of subsidence according to the CPS observa-
tion [ ' 1 • The simulated eastward and southward dis-
placements of 2. 07 m and 1. 33 m at this site also dif-
fer from the CPS-derived values of 2. 62 m and 1. 01 
m, respectively (Tab. 2) . 
As shown in figure 3 , most of the sites with residuals 
( CPS-derived minus simulated ) greater than 0. 1 m 
are located near the coastline. Among the 632 CPS 
sites, 82% , 86. 7% and 91. 1% have residuals are 
less than 0. 1 m in eastward, northward, and vertical 
components, respectively; 91. 0% , 94. 5% and 95. 1% 
have residuals less than 0. 2 m ( Fig. 3 (c) - ( e) ) . 
Table 2 Comparison between GPS-observed and 
model-derived displacements at three sites( uoit:m) 
GPS site 
GPS observed Simulated 
E N z E N z 
A 5.02 -2.00 -1.13 6.10 -2.86 -2.34 
B 3.59 -2.00 -0.70 2.20 -2.63 -0.38 
c 2.62 -1.01 0.39 2.07 -1.33 -0.22 
Note: Eastwaro, Northward and Upward are positive 
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Figure 2 Simulated co-seismic displacements 
As shown in the color-coded simulation displace-
ments in figure 4 , much of the eastward component in 
the epicenter region ( within the black rectangle ) are 
larger than 5 m, and the maximum of 30. 56 m is loca-
ted southeast of the epicenter; the maximum southward 
displacement is 13. 09 m; the vertical component 
shows both uplift and subsidence near the epicenter 
with the overriding plate moving upward along the right 
fault margin close to the trench by as much as 14. 32 
m. A three-dimensional display of the vertical dis-
placement is discussed in section 4. 
The vertical uplift may be compared with the wave 
height of the earthquake-generated tsunami, which was 
not instrumentally measured. According to the trace in-
vestigation, the maximum wave height was estimated to 
he 13.4 mat Kuji in Iwate Prefecture and 14.8 m near 
the coast of Miyagi Prefecture[s], respectively. These 
values are consistent with our simulation result. 
4 Three-dimensional display of 
co-seismic vertical displacement 
Figure 5 ( a) displays a three-dimensional view of the 
simulated vertical displacement, which changes rapidly 
from the maximum uplift of 14. 32 m near the right 
edge of the rupture fault near the trench to subsidence 
westward, reaching a maximum of 5. 25 m subsidence 
to the northeast of the epicenter. On both west and east 
sides of the epicenter appears subsidence of as much as 
3. 00 m and 2. 50 m , respectively. The east coast ( near 
the left edge of the fault, i. e. X1 line) shows subsid-
ence but the inland area shows uplift of millimeters. 
Figure 5 ( b ) displays vertical displacements along 
18 lines perpendicular to the strike from north to 
south. Along line 1 relatively far from the epicenter, 
the overriding plate subsides between the left edge of 
the fault and the parallel line through the epicenter, 
with a little uplift along the right edge. Along lines 5 -
8 , which are closer to the epicenter , both uplift and 
subsidence are present (Figs. 5 (a) , (b) , (c) ) , and 
are consistent with the theoretical model for elastic re-
bound of a thrust fault shown in figure 6. The subsided 
points of A , B , C are located on line 6 , 8 , and 10 , 
respectively, whereas the epicenter is located between 
line 9 and 10 with an uplift of 0. 42 m (Figs. 5 (a) , 
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Figure 3 Differences between GPS and model displacements 
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Figure 4 Simulated co-seismic displacements (The letters E , N , Z on the side of the color bar 
indicate the threshold of eastward, northward and vertical displacements, respectively) 
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(b) , (c) ) . Along lines further south, there are smal-
ler undulating changes , which to some extent echo the 
far-field GPS observations by Yang et al [ 10] and similar 
results of other earthquakes caused by thrust faults in 
oceanic subduction zones, such as 1964 Alaska and 
2004 Sumatra-Andaman earthquakes[JOJ. 
With residuals less than 0. 10 m at 90% of the GPS 
sites, the simulation result is a relatively good fit to the 
GPS-derived result. Among factors that might have re-
sulted in their difference, the major and most difficult-
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Figure 5 Estimated co-seismic vertical displacement( meshed region in (a) denotes elevation 
1000 times decreased,E denotes the epicenter;Xl and X2 are the left and right bonndaries 
of the finite fault, respectively. Black points indicate the GPS stations) 
to-define ones are the medium parameters[13 ' 16• 201 and 
the finite fault used in the model[ 18 ' 19 ' 321 • In a similar 
study of the Wenchuan earthquake by Tan et al[ls] , the 
one-dimensional layered-crust model for co-seismic dis-
placement resulted in differences of greater than 10% 
from GPS results. Shen et al [321 obtained even opposite 
results in Pixian ( subsidence of 9. 1 em and 2. 9 em ) 
by using finite-fault models for the Wenchuan Ms8. 0 
earthquake provided by USGS and IGP. Thus, the use 
of dislocation model may be one of the reasons for the 
opposite results of our simulation from GPS observation 
at point C. Another reason may be our using the finite-
fault model of UCSB, which is based on far-field seis-
mic wave data and does not represent near-field re-
sponse very well. To improve the simulation we should 
consider the heterogeneity of the crust and upper man-
tle across the subduction zone. 
Another factor to be considered is mass redistribution 
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implied in the elastic-rebound theory for a thrust fault 
(Fig. 6) : During the inter-seimic period, the overri-
ding plate is uplifting and the density is increasing due 
to the compression , whereas during the earthquake , 
the overriding plate subsides and density decreases due 
to the strain release[ 30 ' 31 l. Thus part of the vertical dis-
placements may be associated with changes of crust-
mantle medium. Among various surface measurements, 
long-period gravity observation is one of the most effec-
tive tools to detect such changes. Thus, in addition to 
layered ( heterogenic ) crust and mantle , topography , 
and dislocation models[ 26 ' 32l , it is important to include 
gravity observations, such as GRACE superconducting 
gravimeters[ 16 ' 19 - 21 lin order to obtain more precise co-
seismic information. 
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